Introduction
The literature review in the first part of this paper [1] revealed that second phases can impair the oxidation resistance of MoSi2 to some degree, depending on which composition is used at which temperature. MoSi2 composites with SiC or HfO2 seem to offer good oxidation resistance even at high temperatures. In the present second part of this paper these as well as composites with Al2O3, Y2O3, ZrO2, TiB2, ZrB2, and HfB2, respectively, as second phases were oxidised in air at temperatures up to 1700 °C to evaluate their suitability particularly for high temperature applications. From the literature review it was clear that not all composites provide good oxidation resistance at all temperatures, however, as the composites were produced in several routes and with differing amounts of second phases it was interesting to compare series of composites with a fixed amount of 15 vol.-% reinforcement particles. Based on results of initial tests the production route was further developed. Those composites with the best oxidation resistance were considered for more detailed tests.
Experimental

Materials
The specimens originated from progressing stages of the material development. The results obtained in each stage were considered for the next development stage.
The composites containing 15 vol.-% reinforcement particles were produced by two manufacturers using two routes. In both cases MoSi2 was mechanically alloyed by using the element powders. The reinforcement particles have been produced by chemical reaction in-situ at GfE Metalle und Materialien, Nürnberg, whereas Fraunhofer IFAM, Dresden, added them directly as existing particles.
As particle materials Al2O3, ZrO2, HfO2, Y2O3, SiC, ZrB2, HfB2, and TiB2 have been chosen. Boridic particles were considered because in ceramic materials these often lead to an advantageous behaviour at high temperatures. Moreover, they can develop a boroxide layer at temperatures between 400 and 600 °C, which would prevent MoSi2 from "pesting". Table 1 gives details about the sample series. The name of each series consists of a letter indicating the manufacturer (G = GfE, I = IFAM) and a number for the development stage. Mo + 2 Si + ZrB2 → MoSi2 + ZrB2
Mo + 2 Si + HfB2 → MoSi2 + HfB2
Cross sections of the as pressed material showed a homogenous structure with globular particles, as shown in Fig. 1 . The density of the specimens was measured to be between 92.3 and 100% of theoretical density (%TD). 
Series I1
The "I" series was produced in a smaller scale (lab scale). The oxides have been added directly instead of being produced in situ, only MoSi2 was obtained by milling molybdenum and silicon powders.
Compared to series G1 a steel mill with low attrition was used, resulting in a lower iron content. The specimens with ZrO2, Al2O3, and borides, respectively, had an inhomogeneous distribution of particles, see Fig. 2 . Regions without particles showed coarser grains than those with particles, indicating that the reinforcements decreased the grain growth during sintering.
The oxide particles showed rather a network like distribution than being globular. There were cracks in the areas being poor in oxide particles. Samples with borides showed Mo-borides. The density was between 95.7 and 98.4 %TD. 
Series G2
To reduce the high iron content which appeared in series G1, for milling the powder of series G2 a milling container and milling balls made of molybdenum have been used. Due to the fact that at 1600 °C formation of liquid phases has been observed for composites containing Al2O3 and TiB2, respectively, these two materials have been excluded from further investigation.
Instead of using hydrides to produce oxides during milling, in this series MoO2 and borides of zirconium and hafnium have been used. The reaction should comply with equations (9) and (10):
Mo + 12 Si + 5 MoO2 + 2 ZrB2 → 6 MoSi2 + 2 ZrO2 + 2 B2O3
Mo + 12 Si + 5 MoO2 + 2 HfB2 → 6 MoSi2 + 2 HfO2 + 2 B2O3 (10)
However, these two composites showed a large amount of SiO2 within the bulk material, see Fig. 3 , pervading it totally. Scattered borides were found, but no ZrO2 or HfO2, respectively. 
Series G3
This series was manufactured by the same route as series G2, except that a conventional steel mill was used. The powder was finally etched in 12% HNO3 at 60 °C to reduce the iron content. Compared to series G2 these samples had a slightly more homogeneous particle distribution.
Series G4
The series consisted solely of MoSi2/SiC specimens, which had not been optimised regarding the iron content. For this reason the specimens were oxidised at temperatures in the "MoSi2 pest" region only, since iron contamination is not that detrimental at this level.
A cross section shows a homogeneous distribution of particles at the MoSi2 grain boundaries as well as some pores, see Fig. 5 . It might be that these pores result from dismantling SiC particles during preparation. 
Test procedures
All specimens were ground with SiC paper grid 1000. After cleaning, the surface and mass of the specimens were measured. Before oxidation they were cleaned in acetone and dried.
Discontinuous exposure tests were performed at 1500 to 1700 °C in laboratory air in a furnace. Contact reaction with the bottom of the furnace cladding was avoided by placing the specimens first on quartz, later mainly on HfO2. The heating rate was 20 °C per minute, cooling rate was 10 °C per minute down to 850 °C, then furnace cooled in the turned off furnace. Temperature variation was within +/-20 °C.
Continuous thermogravimetric tests were performed in a thermobalance at 1500 °C in air. Again the specimens were placed on HfO2. Heating and cooling rates were 10 K/min. The furnace tube surrounding the specimen was made from alumina. Due to convection in the furnace the test temperature could vary by +/-20 °C.
Exposure tests in laboratory air at 400 to 600 °C were performed for up to 575 hours with the composites MoSi2/SiC, MoSi2/HfO2 and MoSi2/ZrO2. The test temperature was constant within +/-20 °C. Some of the specimens were preoxidised for 70 hours at 1400 °C in air.
Post experimental investigations
After the tests the mass was measured and the macroscopic appearance evaluated. For scanning electron microscopy investigations the specimens were sputtered with gold in order to obtain a conductive surface. For optical microscopy and electron beam analysis each specimen or at least a cut part of it was galvanically coated with nickel and embedded in conductive polymer mount prior to grinding.
Results
High temperature oxidation
In an initial screening the specimens of the series G1 to G3 and I1 were oxidised 100 hours at 1600 °C in air to gain a first impression of the oxidation behaviour at high temperatures. Subsequently some of the compounds were excluded from further investigations and the influence of the powder processing route was determined.
Series G1
The samples were placed on quartz during oxidation. Fig. 6 shows the composites after the test. Catastrophic oxidation behaviour occurred for all specimens, identifiable by the uneven, partially imperfect oxide layers and the mass changes, Table 2 . Spalling and liquid phases led to massive mass losses especially for the samples with Al2O3 or HfO2. Precipitations containing high amounts of iron and other foreign elements were detected at the grain boundaries of the SiO2 scale, see Fig. 7 , whereas the large areas consisted of oxygen, silicon and a small amount of iron. 9 shows the specimens after 100 h oxidation at 1600 °C in air, mass changes are given in Table 3 . Based on the macroscopic appearance, especially the MoSi2/SiC composite showed good oxidation behaviour. The inhomogeneity of MoSi2/ZrO2 is clearly recognised. The oxide scales of the composites containing ZrB2 and TiB2, respectively, spalled partially off, and a bubble in the oxide scale of MoSi2/HfO2 bursted. MoSi2/Y2O3 had a very rough surface with yttrium silicate crystals and a porous SiO2 scale, see Fig. 10 . Iron was detected in this scale as well as in that of MoSi2/Al2O3. The subsurface zone was depleted in the Mo-rich phase Mo5Si3, which occurred in the specimens prior to oxidation and was still present in the core-area after the test. Element distribution maps revealed the formation of silicates in oxide scale and subsurface zone of oxide particle reinforced samples, see Fig. 11 .
The area shown in Fig. 12 seems to result from a bursted bubble in the oxide scale of MoSi2/ZrO2. A vaporised phase might have swelled the oxide scale, leaving behind a hole within this area. 
High temperature oxidation
Using milling container and milling balls made of molybdenum severely reduced the iron content in the powder. As in series I2 the oxidation behaviour of these composites is superior to that of series G1.
The mass changes after 100 h at 1600 °C in air are given in Table 4 , Fig. 13 shows the specimens. Only the composite with SiC revealed a slight mass loss. It is assumed that after initial evaporation of MoO3 at the beginning of the test the surface was closed by formation of a dense SiO2 scale which grew slowly and prevented further mass gain. A relatively thin oxide scale supports this theory. Nearly no mass change was measured for the MoSi2/Y2O3 composite. Taking the visual appearance into account, mass gain by oxide scale growth was abolished by spallation. Due to the lack of oxygen supply the oxide scales are less developed at the surface containing the specimen support. XRD investigations indicated that the SiO2 scale is present as cristobalite. Silicates of Zr and Hf, respectively, were found in those composites containing these elements. Silicate particles were found at the surface of the oxide scale of MoSi2/ZrO2 and MoSi2/HfO2, see Fig. 14. The oxide scale of MoSi2/Y2O3 had some pits where iron was detected by EDX analysis, see Fig. 15 .
Elemental distribution maps of the oxide particle reinforced composites, Figs. 16 and 17, confirmed that the particles found in the oxide scales are silicates. They were mainly found at the surface and were rather big compared to those particles in the bulk material. In conjunction with the low distribution density this indicated agglomeration and growth of the particles. The boundary zone of MoSi2/HfO2 was depleted in silicon. Elemental distribution maps of Zr and Si in Fig. 16 show that the oxide scale had two sections, whereof the upper one contained Zr. This area is somewhat darker in the Si distribution map. This kind of sectioning appeared in the composites with HfO2 and Y2O3 as well. More voluminous silicates were found in the oxide scale of MoSi2/Y2O3, see Fig. 17 . An area containing Mo5Si3 and Y2O3 was observed in the boundary zone. yttrium silicate
Series G3
The iron content was reduced to 0.8 to 1% (except MoSi2/ HfB2: 1.6%) by etching in HNO3. The results from the initial oxidation test revealed that this amount is still too high. Fig. 18 shows the specimens after 100 h at 1600 °C in air. The oxide scale had spalled from MoSi2/ZrB2. Bursted bubbles were found on MoSi2/ZrO2 and MoSi2/HfO2, nodules on the specimens with Y2O3 and SiC.
Since these reactions are clearly due to the high iron content, further investigation of the specimens was omitted.
Figure 18: Specimens of series G3 after 100 h at 1600 °C in air 3.1.5 Series G4
Oxidation at "pest" temperature
The MoSi2/SiC specimens of series G4 were oxidised for 500 h at 400, 500 and 600 °C. After oxidation at 600 °C an incomplete black layer occurred on the ground surfaces, whereas the as-pressed outer edge had a slight bluish tarnish. The specimen was undamaged, Fig. 19 . Nodules of oxidised SiC particles were seen in the SEM image, Fig. 20 . 21 shows the material after 500 h at 500 °C. The centre of the surface became whitish. A crack occurred at the outer edge, probably resulting from stresses in the sample. The shattered surface with flakes of SiO2 causing the whitish appearance is shown in Fig. 22 . An EDX analysis revealed an increased oxygen and low molybdenum content in this area. A small amount of MoO3 might have prevented the formation of a dense SiO2 scale.
After 500 h at 400 °C pesting occurred. After 280 h the ground surfaces were covered with a greenish powder, whereas the not ground outer edge appeared as it was before the test. After 500 h powder lay next to the specimen, some cracks were observed in the outer edge area and spallation happened. The specimens of series G1 showed an unexpected disastrous oxidation behaviour. Relying on the phase diagrams liquid phases were anticipated at most for the oxidation products of MoSi2/AlO3 and MoSi2/TiB2. Eutectics of the systems SiO2-Y2O3 and SiO2-HfO2 are at 1660 °C and 1680 °C, respectively. However, the presence of liquid phases at 1600 °C can be concluded from Fig. 6 . Certainly, phase diagrams are useful only for a rough first estimation, since technical materials are rarely of high purity. Like here, contamination can have a severe influence on the material properties. High amounts of iron in the powder led to precipitation of iron oxides. The system Fe2O3-Y2O3 has a eutectic at 1450 °C and SiO2-FeO has one at 1200 °C, see Figs. 23 and 24, i.e. that at least locally, where the iron content is high enough, liquid phases can be expected at 1600 °C. The low viscosity of the oxide scale resulting from the liquid phases plus the high vapour pressure of MoO3 lead to bubbles in the partially liquid oxide scale. That means, the nodule formation observed is also attributed to the iron contamination. Powder of molybdenum virtually always contains a small amount of iron (up to 0.25%) as well as technical silicon powder [3] . Mostly iron is introduced during the milling step in the powder production by abrasion from steel milling balls and container. Lower iron contents were obtained by using different materials for the milling tools, such as molybdenum or high alloyed steel with high strength and low abrasion, or by etching the powder. Comparing series I1 and G2 to G3, the method mentioned first is obviously more successful. The iron content was mainly between 0.8 and 1% (1.6% for one composite) after etching with HNO3, see Table 5 .
The powders from the molybdenum mill (series G2) contained 0.3 to 0.4% iron. Based on the results of the present work the iron content of MoSi2 composites for applications at 1600 °C should not exceed 0.4%. The oxidation behaviour of series I1 outmatches that of series G1. Although the specimens are not completely identical due to different productions routes, the main difference is their iron content influencing the oxidation behaviour. Comparing these two series led to an order of the composites' sensitivity to iron contamination, as given in Table 6 . Specimens with boridic particles seemed to be less prone to Fe-impurities, however, their oxidation resistance was not appropriate at all, taking series I1 with low iron content into account. The occurrence of a thin black oxide scale was already observed by Chou et al. [5] for polycrystalline MoSi2 between 600 and 650 °C and is known as accelerated oxidation, since the term "pest" is used when the material disintegrates. MoSi2/SiC (series G4) showed increasing damage when the oxidation temperature was lowered from 600 to 400 °C. The crack observed after oxidation at 500 °C indicates stresses resulting from a volume expansion of 250% [5] 
Disintegration accelerates and incubation time decreases when the temperature is lowered to 400 °C, because SiO2 grows slower and cannot hinder formation of MoO3. The critical temperature for pesting of the MoSi2/SiC composite investigated is close to 400 °C, while the upper limit is at 500 °C, where pesting is modest.
Simultaneous oxidation of silicon and molybdenum was observed on processed surfaces only. Cracks occurring in the MoSi2/SiC specimen were determined to result from inner stresses caused by oxidation of the ground surfaces, as mentioned earlier. The "sintering skin" from pressing seems to protect from pesting. Therefore, pressed parts without need of further processing could be preserved from pesting due to their dense, defect free surface and their sintering skin.
Conclusions
The initial screening revealed a number of composites not to be considered for further investigation.
Alumina and TiB2 are not suitable for MoSi2 composites to be used at 1600 °C and higher because of the eutectics formed with SiO2. The composites containing Y2O3 did not form a satisfactory protective oxide scale. Boridic second phases are of use for applications between 400 and 600 °C, where they will form a protective layer against pesting. However, at high temperature this layer prevents formation of a dense silica scale. The other additions did not have any specific influence on the pesting behaviour.
MoSi2 composites with the additions of ZrO2 and HfO2 revealed excellent behaviour. Reactions with SiO2 are modest and oxide scale growth rates only moderately increased compared to pure MoSi2.
The least interaction of the phases occurred for the MoSi2/ SiC composite. The oxide scales of MoSi2 and SiC are fully compatible. Therefore the oxide scale growth rate is lower compared to that when oxidic particles are used.
A more detailed investigation of the MoSi2/HfO2 composite, considering oxidation at temperatures up to 1700 °C as well the pest behaviour, follows in part III of this paper.
